Aim: The aim of this study was to evaluate microleakage under orthodontic ceramic brackets bonded with direct and different indirect bonding techniques and adhesives using micro-computed tomography. Materials and methods: A total of 30 human maxillary premolars were randomly separated into five groups with six teeth in each group. In group I, teeth were bonded directly with Transbond XT (3M Unitek). In group II, group III, group IV, and group V, teeth were bonded through an indirect technique with Custom I.Q. (Reliance Orthodontic Products), Sondhi Rapid-Set (3M Unitek), RMbond (RMO), and Transbond IDB (3M Unitek), respectively, following the manufacturer's instructions. Micro-CT system model 1172 of Skyscan (Kontich, Belgium) was used to scan all samples. NRecon (Skyscan) version 1.6, CT-Analyser V.1.11 (Skyscan), and TView (SkyScan, Bvba) software programs were used for microleakage evaluation. Microleakage values between the test groups were assessed using the Kruskal-Wallis test, while the Wilcoxon signed rank test was used for within-group comparisons. The level of significance was set at P < 0.05. Results: According to the Kruskal-Wallis analysis of variance test, there were no significant differences among the tested groups, with regard to volume and percentage (microleakage/region of interest × 100) of microleakage values (P < 0.05). The Wilcoxon signed rank test showed that coronal microleakage volume and percentage values significantly differed for RMbond and Transbond IDB groups. Limitations: In the study, only ceramic brackets were used and microleakage into mini gaps did not show up on the micro-CT image because 50% silver nitrate solution could not penetrate into mini gaps which are smaller than silver nitrate particles. Conclusion: Use of direct and indirect bonding techniques with different adhesives did not significantly affect the amount of microleakage.
Introduction
An improvement in aesthetic and hygienic treatment results has occurred following the advent of direct bonding of fixed attachments to the teeth with epoxy-derived resins. In 1974, Silverman and Cohen (1) put new bonding techniques into practice in order to more accurately and precisely locate brackets on teeth, prevent moisture contamination, and decrease doctor chair time for direct bonding techniques, and patient comfort has increased as a result of these advantages (2, 3) . However, indirect bonding techniques also have several disadvantages, such as technique sensitivity, the need for an extra set of impressions, increased laboratory time, and the risk of adhesive leakage especially in gingival embrasures (4) . Zachrisson and Brobakken (5) compared two different bonding techniques and showed that brackets fit the tooth surface more closely with fewer voids if the direct bonding technique was used.
Microleakage of dental adhesives, which is generated by polymerization shrinkage of methacrylates, can be observed between the adhesive material-enamel surfaces and/or interface of adhesive material-brackets. Microleakage emerging in this region can lead to microgaps by dissolving the adhesive, permitting the passage of bacteria, oral fluids, molecules, or ions, which may cause demineralization (6) . Furthermore, microleakage may aggravate the physical properties of orthodontic bonding and banding materials. Polymerization shrinkage also varies from adhesive to adhesive and depends on the amount of filler, the diluents, and the percentage of monomer conversion (7) .
A variety of in vitro methods have been used to image and measure microleakage, such as compressed air, neutron activation analysis, reversible radioactive adsorption, radioisotopes, electrochemical, scanning electron microscope, bacterial activity, dye penetration, and micro-computed tomography (µCT) (8) (9) (10) .
In a previous orthodontic study, James et al. (7) showed the demineralization rate increase caused by microleakage under orthodontic fixed appliances. Uysal et al. (11) observed that when self-etching primers were used, increased leakage was found between the adhesive-enamel interfaces, while Uysal et al. (12) evaluated the microleakage patterns of different cement types for band cementation and found that conventional glass ionomer cements lead to increased microleakage. In addition, some studies have assessed the microleakage pattern of different brackets, composites, and curing types (6, 11, 13, 14) . Furthermore, Öztürk et al. (15) and Yagci et al. (14) compared the influence of direct and indirect bonding techniques on microleakage and indicated that type of bonding technique did not significantly affect the amount of microleakage at the enamel-adhesive-bracket complex. All of the aforementioned studies conducted to assess amount of microleakage used two-dimensional (2D) methods, such as dye penetration. However, X-ray µCT technology would appear to offer significant advantages over 2D methods involving sectioning of specimens. With the development of µCT, researchers have been capable of evaluating the microleakage of dental restorative materials, and leakage area and volume determined by threedimensional (3D) image analysis has been correlated with a variety of materials (10) . Moreover, µCT has proven to be a powerful and viable technique in determining polymerization shrinkage and microleakage (16) .
To our knowledge, no previous studies have so far assessed the effect of different bonding techniques with different curing methods on microleakage using 3D imaging methods. Thus, this study aimed to compare microleakage under orthodontic brackets bonded with different bonding techniques, using µCT and to determine which technique cause less microleakage and to generate clinical recommendations. The null hypothesis supposed that there were no significant differences under the orthodontic brackets with the different bonding techniques and curing methods.
Materials and methods

Teeth
The sample size calculation was obtained by MedCalc Statistical Software 14,12,0 (Ostend, Belgium) considering the use of a binomial two-tailed statistics with 80 per cent power (0.8) and alpha level of 5 per cent able to read a 20 per cent difference between the Meleo et al. article (17) . Therefore, the sample size was defined as six teeth for each group for sample size calculation. A total of 30 human maxillary premolars, extracted for orthodontic reasons, were used in the present study. No teeth had any congenital anomaly, surface defects, decay, or restorations. After extraction, soft tissue remnants and plaques were removed with a scalpel, and the teeth were stored in disinfectant solution (0.5 per cent chloramines T). After remaining in this solution for 1 week, the teeth were washed with distilled water and stored in distilled water at room temperature until the experiments were performed (a maximum of 4 months).
Brackets
All teeth were bonded using a Signature III, ceramic (RMO, Denver, Colorado, USA) upper bicuspid bracket. Bracket base surface area was 11.1 mm 2 .
Bonding procedure
The teeth were randomly separated into five groups, with six teeth in each group. The teeth used in all groups were mounted on acrylic blocks, to simulate the mouth, and an arch form similar to a common dentoform was created ( Figure 1 ). All acrylic blocks were allowed to cure, before storage in deionized water at 37°C. The entire laboratory process was carried out by the same author. All teeth were polished with water/pumice slurry in brushes at a slow speed for 15 seconds, then rinsed and dried with an air stream for 10 seconds each. A 37 per cent phosphoric acid gel (3M Dental Products, St Paul, Minnesota, USA) was applied to the buccal surface of the teeth for 30 seconds, and they were then rinsed with water for 20 seconds and dried for 20 seconds with an oil-and moisturefree air spray. In all etched cases, the frosty white appearance of the etched enamel was apparent on the buccal surface. Then bonding process has been applied according to the groups. Details related to bonding materials are listed in Table 1 .
In the direct bonding group (group I), the procedure was as follows: a thin layer of Transbond XT (3M Unitek) light-cured primer was applied to each tooth and cured with light-emitting diode (LED; LED-C, Guilin Woodpecker, Medical Instrument Co. Ltd, Guangxi, PR China) for 10 seconds with an intensity of 1000 mW/cm 2 . Transbond XT (3M Unitek) adhesive was then applied to the brackets' base and they were placed in the centre of the crown, with the centre of the bracket over the long axis of the tooth. Each bracket was subjected to a 300 g compressive force using a force gauge (P1025-00, Leone, Firenze, Italy) for 10 seconds (Figure 1 ), after which excess adhesive was removed with a hand instrument, and the bracket was cured with an LED curing light for 10 seconds from the mesial and 10 seconds from the distal of each tooth. The specimens were stored in deionized water at 37°C before testing.
Teeth in the indirect bonding groups (groups II, III, IV, and V) were bonded indirectly, according to the manufacturer's recommendations. They were mounted in acrylic block, and alginate impressions (Cavex Holland BV, Haarlem, The Netherlands) were taken. After the hard-stone (Amberok, Anadolu Dental Products, Istanbul, Turkey) working models were obtained (Figure 1 ), separating medium (Dentsply International Inc., York, Pennsylvania, USA) was painted on the stone and allowed to dry. Transbond XT Light Cure adhesive (in groups II, III, and V) and RMbond LC Model Adhesive (RMO) in group IV was placed on the mesh pad of the brackets. All brackets were placed on the model in the manner described previously, with regard to the direct bonding group, and the bracket was cured with an LED curing light for 15 seconds from the mesial and 15 seconds from the distal. This extended curing period was chosen to achieve complete polymerization of the composite materials on plaster models. Before forming the indirect bonding trays, the undercut areas were blocked out with a soft transparent silicone (Emiluma, Ortho Kinetics, and Vista, California, USA; Figure 2) . A 0.040-in. (1 mm) vacuum-formed essix (Raintree Essix Inc., Los Angeles, California, USA) was used as transfer tray. After the transfer tray material had set, the specimens were soaked in water for 20 minutes to dissolve the separating medium. The transfer tray was removed, and the adhesive bases were gently sandblasted, washed, and dried as advised by Sondhi (4) .
Group II, a thin layer of Custom I.Q. part A was applied to each tooth surface and a thin layer of part B was applied at each bracket basis. The set was placed in position and pressed for 30 seconds. The trays were removed after 4 minutes.
Group III, a thin layer of Sondhi Rapid-Set resin A was applied to each tooth surface and a thin layer of resin B was applied at each bracket base. The bonding tray was brought into position and pressed for 30 seconds. The trays were removed after 2 minutes. Group IV, RMbond LC bonding resin was applied to each tooth surface and RMbond LC Flowable Adhesive was applied to each bracket base. The bonding tray was brought into position and cured with an LED curing light for 10 seconds from the mesial and the distal of each tooth. After completion of bonding, the transfer trays were removed.
Group V, equal amounts of Transbond IDB (3M Unitek) part A and part B were mixed for 10 seconds in a disposable mixing well. A thin layer of mixed adhesive was applied to the tooth surface and each bracket base. The bonding tray was brought into position and pressed for 3 minutes. The trays were removed after 4 minutes. The teeth were removed from the acrylic block after bonding and immersed in silver nitrate 50 per cent w/v dye solution for 4 hours (10).
Micro-computed tomography
Skyscan model 1172 (Kontich, Belgium) was the µCT system model used to obtain the X-ray images. Initially, each one of the teeth was stabilized in the sample holder of the system, the X-ray source was set to 100 kV⁄100mA, and a 1 mm aluminium filter was used to scan all samples. Each sample was rotated 360 degrees, with a rotation step of 0.50 degrees. The exposure time was 1300 ms and the gain was set at 1.0. The magnification was set at 20, which resulted in a pixel size of 9 µm. NRecon (Skyscan) version 1.6 software was used in further cone-beam reconstruction of all the projected X-ray images.
The surface areas of bracket bases were assessed using software TView (SkyScan, bvba), which allows observing of all microscans and identification of microleakage areas. Each microscan was cropped to have a smaller sample including the regions of interest (ROI ). Subsequently, 410-440 micro-CT slices to the 950 slices were selected and saved as BMP (Bit-Mapped Pixels) image files with a resolution of 2000 × 2000 pixels, showing 2D images. Then, these BMP files were exported to CT-Analyser (CTAn) V.1.11 (Skyscan) software. A circle ROI was selected on each data set slice by slice. All images were thresholded using an automated histogram analysis and binarized to allow the measurement process. Finally microleakage volume and percentage (microleakage/ROI × 100) were evaluated and this evaluation was done blindly (Figure 3 ). While microleakage analysis was made, each section was scored from the mesial, distal, coronal, and gingival margins to the brackets.
Statistical analysis
Microleakage values were calculated for each composite group's composite enamel interface by CTAn computer software. Mesial, distal, coronal, and gingival microleakage volume and percentage values were obtained separately for each group. The normality of data distribution was evaluated by the Shapiro-Wilks test. The data did not show normal distribution, and no homogeneity of variances was observed between groups. Thus, statistical evaluation of microleakage values between test groups was performed using the Kruskal-Wallis test, and the Wilcoxon signed rank test was used for a within-group comparison. The level of significance was set at P < 0.05.
Results
According to the Kruskal-Wallis analysis of variance test, there were no significant differences in percentage and volume microleakage values among the tested groups (P ˃ 0.05). However, when only mean data were evaluated, the Costum IQ, Sondhi, and RMbond generally demonstrated higher values than Transbond XT and Transbond IDB, but these differences were not statistically significant ( Table 2) .
The Wilcoxon signed rank test showed that the coronal microleakage percentage for RMbond and the coronal microleakage volume and percentage values for Transbond IBD groups were significantly different within groups (P ˂ 0.05). There were no significant differences among the Costum IQ, Sondhi, and Transbond XT groups, with regard to percentage and volume microleakage values of IDB (Table 2) .
Discussion
Although more accurate and efficient bracket placement and reduction chair time are advantages of indirect bonding techniques, the risk of adhesive leakage is increased because the brackets do not fit well to the tooth surfaces (4, 5) . The majority of common indirect bonding techniques are based on a method described by Thomas (18) . Although Thomas (18) recommended the use of chemically cured adhesives, excessive resin remained after bonding and removal required extra time when chemically cured composites were used. Consequently, thermal and light-cured adhesives have been used for the fabrication of the custom bracket base over the years (19) (20) (21) . In the present study, we conducted microleakage analyses of two different bonding methods, direct and indirect bonding, and both adhesive types, chemical-and light-cured adhesives, in the indirect bonding technique.
The polymerization shrinkage of composite material may cause gaps and lead to microleakage (11) (12) (13) (14) (15) . Microleakage is a major problem, as it leads to the diffusion of bacteria and organic/inorganic substances into the restorative material and the tooth structure area. Microleakage also causes an increase in post-operative pain and the likelihood of secondary caries lesions (22) . Today, microleakage is determined by a variety of in vitro techniques such as air pressure, fluid filtration, dye penetration, and µCT (10, 11, 23) , and the most commonly used evaluation method is that of dye penetration (11, 14, 15) . Researchers use coloured dye agents or chemical tracers, which are able to penetrate into and stain. The specimens are then sectioned longitudinally through the research area and assessed with stereo optical-microscopy or scanning electron microscopy. The depth of dye penetration is recorded from only one or two slices obtained from sectioning; however, this does not represent the entire image of microleakage, which is 3D. Therefore, these methods have low reproducibility and precision. With the advent of new generation imaging techniques, detailed imaging information regarding the internal structures of objects can be non-destructively monitored. In an attempt to resolve the confusion on this issue, we selected X-ray µCT for examination of the gap formation between the enamel-adhesive-bracket complexes.
A 50 per cent silver nitrate solution, lead nitrate solution, and barium nitrate concentration have been used for the microleakage examination when using µCT assessment in previous studies (24) . Nguyen (24) was exhibited that 50 per cent silver nitrate solution was an extremely chemically active, successful, and useful buffer formula for future use in µCT studies. Zhao et al. (25) and Eden et al. (10) determined the marginal leakage of composite restorations using µCT and used 50 per cent silver nitrate solution as a dye solution. The 50 per cent silver nitrate solution was also used for assessment between gap formations of the bracket-adhesive-tooth interface and specimens immersed for 4 hours in the present study.
Thermal cycles are often used to mimic thermal changes in the mouth for the production of thermal stress at the tooth-adhesive interface. However, several investigations have shown that number of thermal cycles is not associated with microleakage (26) (27) (28) . Therefore, we did not perform thermocycling in the present study.
Several previous studies have evaluated the enamel-adhesive and adhesive-bracket interfaces for microleakage on both the gingival and coronal side of the tooth (6, 11, (13) (14) (15) . The enamel-adhesive interface is critical in terms of white spot lesions because the accumulation of bacteria in this location can cause enamel demineralization. However, the adhesive-bracket interface can play a part in the bracket failure caused by bond degradation (6, 13) . Each section was scored from the mesial, distal, coronal, and gingival margins to the brackets between both the bracket-adhesive and adhesive-enamel interface in the present study. According to our results, there was no significant difference among the tested groups for percentage and volume microleakage values between enamel-bracket interfaces. However, when only the mean data were evaluated, the Costum IQ, Sondi, and RMbond generally demonstrated higher values than Transbond XT and IDB. These results were in accordance with those observed by Öztürk et al. (15) and Yagci et al. (14) , who found that the microleakage scores were similar between the two bonding techniques. We did not find any microleakage between adhesive-bracket interfaces. Previous studies have demonstrated that greater gap formation occurs at the adhesive-enamel interface than at the adhesivebracket (29) (30) (31) . Microleakage around orthodontic brackets occurs, irrespective of the curing method, type of adhesive, and bracket type used (32). Arhun et al. (6) evaluated microleakage of metal and ceramic brackets and they showed that metallic brackets caused greater microleakage than ceramic brackets, while Arıkan et al. (13) assessed the effect of different light sources on microleakage and found that LED resulted in the lowest microleakage scores. In the present study, we used both ceramic brackets and LED curing units, which may decrease the gap formation or dimension. Furthermore, the adhesive layer is very thin and is pressed between the bracket and tooth, and excess of resin material turns up at the brackets, which can absorb some of the shrinkage. Alternatively, the bracket is free floating and shrinkage would pull it closer to the enamel, which is probably a greater advantage (33); thus, silver nitrate particles do not enter the narrowed gap formation. These factors may play a role in preventing microleakage between adhesive-bracket interfaces.
Comparison of the microleakage scores within the tested groups showed that the coronal microleakage amounts were higher than the gingival amounts in both the direct and indirect bonding groups. However, only the microleakage percentage values for RMbond and the microleakage volume and percentage values for the Transbond IBD groups were statistically significant. Studies interpreted the differences in the microleakage amount between coronal and gingival sides, as being related to the curvature of the tooth anatomy (6, 14, 15) . In contrast with our results, Öztürk et al. (15) and Yagci et al. (14) found more leakage at the gingival sides than the coronal sides using both techniques. These disparities may be the result of assessment technique sensitivity, as they conducted leakage evaluation on only a few sections taken from teeth, so the results may not reflect the true situation for the entire tooth.
Limitations
One of limitations of our study was that only ceramic brackets were used, despite the frequent use of metal brackets in orthodontic clinics. The reason metal brackets were not preferred was that metal brackets creates artefacts and have a similar appearance to silver nitrate on micro-CT. Another limitation was that to use a 50% silver nitrate solution for the evaluation of microleakage. Although silver nitrate solution is often used in micro-CT studies (10, 24, 25) , this solution cannot penetrate into gaps which are smaller than silver nitrate particles hence microleakage into mini gaps does not show up on the micro-CT image.
Conclusion
The type of bonding techniques used with different adhesive material did not significantly affect the amount of microleakage between enamel-composite-bracket complexes under ceramic brackets.
However, when assessed regionally, microleakage more occurs at coronal region in RMbond and Transbond IBD in indirect bonding groups. Further studies are required to explain these differences.
